Properties of organelles and intracellular structures play important roles in regulating cellular functions, such as gene expression, cell motility and metabolism. The ability to directly interrogate intracellular structures inside a single cell for measurement and manipulation has significant implications in the understanding of subcellular and suborganelle activities, diagnosing diseases, and potentially developing new therapeutic approaches. In the past few decades, a number of technologies have been developed to study single-cell properties. However, methods of measuring intracellular properties and manipulating subcellular structures have been largely underexplored. Due to the even smaller size of intracellular targets and lower signal-to-noise ratio than that in wholecell studies, the development of tools for intracellular measurement and manipulation is challenging. This paper reviews emerging microsystems and nanoengineered technologies for sensing and quantitative measurement of intracellular properties and for manipulating structures inside a single cell. Recent progress and limitations of these new technologies as well as new discoveries and prospects are discussed.
INTRODUCTION
Inside a living cell, numerous biological processes and biochemical reactions occur in the subcellular organelles, which are often compartmentalized and dynamically change intracellular physical and chemical properties, for instance, temperature 1, 2 , pressure 3 , mechanical 4, 5 and electrical characteristics 6 , pH 7 , and concentrations of ions and other molecules 8, 9 . These processes, such as the production of ATP by mitochondria or protein synthesis by ribosomes, require intracellular homeostasis to maintain normal cellular functions. Therefore, it is not surprising that each property is strictly regulated and varies among different intracellular structures and organelles. Tracking the regulation of these quantities could reveal largely underexplored subcellular functions and mechanisms. Moreover, an increasing body of evidence has indicated close correlations between intracellular disorders and diseases. For example, abrupt changes in intracellular electrical current propagation across cells are closely related to cardiac arrhythmia 10, 11 , which is the leading cause of death worldwide 12 . Abnormalities in cell apoptosis, which can result from pH regulation disorders 13 , can lead to cancers 14 . Thus, monitoring intracellular environments and quantitatively measuring intracellular properties would enable us to better understand subcellular activities and disease mechanisms and potentially develop new therapies via rescuing/altering subcellular functions.
Directly measuring the properties of organelles and intracellular structures in a living cell is difficult. Early research attempted to use glass micropipettes and microelectrodes to measure cytoplasmic pH 15 , pressure 16 and electrical properties 17 . However, these direct measurements were mostly made on an entire cell due to spatial limitations of these technologies. Compared to the measurement of whole cells (typically tens of micrometers in size), the characterization of organelles and intracellular structures requires finer spatial positioning accuracy and much more miniaturized sensing tips. In addition, signals measured from intracellular structures are often weak and differ minutely inside a cell. For instance, subcellular temperature variations in different locations in a cell are only within a tenth of one degree 18 . To measure intracellular properties, microsystems and nanoengineered tools developed for this purpose must have high measurement sensitivities and resolutions.
The past few years have witnessed exploratory efforts in the development of new tools and techniques for direct intracellular measurement and manipulation. Recent studies have shown direct measurement of the mechanical properties of the nuclear membrane 19 , and intracellular potentials and intracellular pH of cardiomyocytes or neuronal cells have been characterized 20 . In this paper, we review the emerging tools and technologies for intracellular measurement and manipulation. The reviewed intracellular sensing techniques are classified into two categories: tethered measurement methods (nanowires, nanotubes and modified atomic force microscopy (AFM) probes) and untethered sensing approaches (nanoparticles, fluorescent proteins (FPs) and molecules, and untethered microelectromechanical system (MEMS) devices). The tethered sensing technologies are often invasive to the cell membrane or inner structures due to the connected peripheral measuring structures, whereas the untethered sensors, after being delivered into a cell or produced by inherent cellular machinery, induce minimal or no damage to the cell. The intracellular properties reviewed here are mechanical properties (e.g., stiffness and viscosity), electrical properties (e.g., transmembrane potentials), other physical properties (e.g., temperature and pressure), and biochemical properties (e.g., pH value and ion concentration). Figure 1 graphically depicts representative intracellular properties and measurement techniques.
Additionally, we discuss intracellular manipulation techniques that are often needed for direct measurements inside living cells.
TETHERED INTRACELLULAR SENSING
In tethered sensing, an intracellular probe transforms detected intracellular quantities into electrical or photonic signals and transmits the signals to external instruments via tethering connections. The glass micropipette is the oldest tethered probe that is still widely used today. As early as in 1970s, the patch clamp technique with micropipettes was used to record the intracellular potential and single ion channel current 21, 22 . Glass micropipettes are simple to use and are inexpensive to fabricate. However, for subcellular studies, making ultrafine glass micropipette tips consistently to achieve minimal damage to cells can be challenging. Due to the fragility of glass tips at the nanoscale, glass micropipettes are easily broken. To overcome these limitations, other probes have been developed using nanowires, carbon nanotubes (CNTs), and modified AFM tips. These probes are small (e.g., 100 nm) to minimize cell damage and avoid significant perturbations to normal cellular activities. They are fabricated with small apex angles to enable deep insertion into cells or organelles and to have minimal influence on neighboring intracellular structures. When scaled up, arrays of vertical sensing probes (e.g., multielectrode arrays (MEAs)) are able to provide high-throughput, parallel intracellular measurement.
Nanowires and nanotubes

Intracellular electrical measurement
Normal intracellular electrical activities (e.g., ion flows and translocation of charged molecules) are of great importance for the maintenance of regular cell functions, such as those in cardiomyocytes and neuronal cells. Disorders in ion flows through gap junction channels are one of the major causes of cardiac arrhythmia 10, 23 . Irregular intracellular pH levels, due to imbalanced proton concentrations caused by dysfunction of mitochondria, can result in severe central nervous system disorders, such as Parkinson's disease 24, 25 . To measure intracellular electrical properties, such as transmembrane potential and the concentration of charged molecules, nanowires, and CNTs have been used as measurement tools.
A nanowire has a diameter on the nanometer scale and a high aspect ratio. Electrons transported in nanowires are quantum confined laterally, in contrast to electron transport in three-dimensional bulk materials, and thus, the conductivity is much less than that of corresponding bulk materials 26 . Moreover, edge effects (i.e., atoms on the surface not fully bonded to neighboring atoms) exist in nanowires, making them suitable for building semiconductor devices, such as field effect transistors (FETs) 27 . In traditional cell electrophysiology, the intracellular electrical signal is detected by electrodes inserted into a glass micropipette, which is then amplified by an FET-based amplifier. Using a nanowire, the detection electrode and FET amplifier can be built together to form a small sensing probe. The small size of a nanowire probe enables higher spatial resolution and minimizes the damage to the cell membrane and intracellular structures. When directly inserted into a single cell, nanowires operate as tunable conducting channels with a short response time. Furthermore, the sensitivity of nanowire devices is significantly increased due to the high surface-to-volume ratios of nanowires.
For direct intracellular electrical recordings, 3D FET devices based on kinked silicon nanowires ( Figure 2a ) have been developed 20, 28, 29 . Because of the sub-10 nm size and minimal interfacial impedance, the 3D nanoFET does not cause noticeable damage to the cell membrane. The nanowire-based devices have been shown to be capable of measuring both intracellular potential and pH in embryonic chicken cardiomyocytes. The 3D nanoFET modified with phospholipid bilayers can enter single cells with minimal or no invasiveness and thus allow robust recording of electrical signals. The measured full amplitude of intracellular potentials (~75-100 mV) has confirmed that a tight seal can be formed between the nanowire surface and the cell membrane, resulting in no putative probe/ membrane electrical leakage. Analyses of recorded voltage signals have revealed five characteristic phases of a cardiac intracellular potential: resting state, rapid depolarization, plateau, rapid repolarization and hyperpolarization. Additionally, a sharp transient peak and a notch possibly associated with the inward sodium and outward potassium currents 30 have also been observed. Due to the intrinsic advantage in electrical properties of silicon nanowires, the FET device can achieve a high sensitivity for conductance measurement (4-8 μS V ) and for pH measurement (58 mV pH
). One advantage of the nanowire-based FET device over traditional glass micropipettes is that there is no need for resistance or capacitance compensation. Additionally, when directly inserted into single cells, nanoFETs are able to detect intracellular electrical signals without exchanging with cellular ions; hence, the interfacial impedance and biochemical disturbances to the cells are minimized. To further decrease the intracellular probe size, the same group has developed a branched nanoFET to bridge the intracellular environment and FET detector elements 31, 32 . The branched nanoFET was formed by fabricating a hollow SiO 2 structure on the silicon nanowire FET. During the etching step to remove the upper portion of SiO 2 , a controlled taper was achieved at the tip due to isotropic etching, which significantly reduces the probe size to 5 nm 32 . This small size enables direct measurements in the smallest intracellular structures, such as neuron dendrites and dendritic spines, which is difficult to achieve using conventional techniques. Arrays of vertical nanowire electrodes have also been developed to form MEAs for parallel intracellular electrical recordings (Figure 2b ) 33, [36] [37] [38] . Although higher throughput is an advantage, concerns about using nanowire-based MEAs have also been raised because long-term culturing of cells with MEAs inside may perturb cell gene expression, proteomics, and other cell activities 39 . Nanowire MEAs are not able to target specific cells, and accurately positioning the sensing tip inside a cell can also be difficult. In comparison, a free-standing nanoFET provides higher flexibility for probing intracellular structures three dimensionally.
Modified AFM tip
In addition to nanowires, CNTs are also used for intracellular electrical recording 40 . A CNT is a tube-shaped nanostructure made of carbon atoms, with a diameter on the scale of nanometers and a high aspect ratio 41 . Because CNTs are one of the strongest and stiffest materials in terms of tensile strength and elastic modulus 42 , CNT-based sensing devices, unlike glass micropipettes, are much more difficult to break. Moreover, with their exceptional carrier mobility and electric current density that are three orders of magnitude higher than typical metals, such as copper and aluminium 43 44, 45 . A conductive carbon layer was formed via chemical vapor deposition of carbon on the inside wall of a glass pipette. The pipette tip was then etched away, exposing a carbon tip with a tip diameter of 100~200 nm. The carbon nanopipettes were able to record intracellular electrical signals in mouse hippocampal cells (HT-22) with minimal membrane damage. Direct electrical measurement with the carbon nanopipette showed that an increase in the extracellular K + concentration produces a significant increase in the membrane potential (i.e., a higher depolarization). One limitation of the carbon nanopipette is that it has the inherited conical tip from the glass mold, which may cause damage to cell membranes when the tip is inserted deeper into a cell.
Another representative CNT device, reported by Singhal et al., has a CNT assembled at the tip of a glass pipette using conductive epoxy (Figure 2c ) 34, 46 . This CNT cellular endoscope is fabricated using a flow-through technique, which is more versatile than the magnetic assembly method 47 . The CNT endoscope is less invasive than traditional glass pipettes, as indicated by the statistical analysis of actin network stability and cytosolic calcium ion release. In addition to the small size, another reason for the minimal damage to the cell membrane is that CNTs with minimal surface defects exhibit nonpolar properties. Furthermore, this nonpolarity feature would enable the coupling between membrane-constituent lipids and the CNT surface, resulting in tight seals of cell membrane around the CNT probe 48 . The CNT device with a diameter of~100-200 nm requires a membrane penetration force ranging from a few hundreds of piconewtons to tens of nanonewtons 49 . During intracellular measurement, by confining the interaction between CNT and the first few layers of surrounding ions or molecules, the interference from the rest of the cell volume can be avoided, leading to an increase in sensitivity and selectivity. In addition to intracellular measurement of small amplitude of electrical signals, the CNT nanopipette can also probe single organelles and monitor the changes in mitochondrial membrane potential in response to nanopipette insertion. Mitochondria are important for maintaining intracellular Ca 2+ homeostasis because of their ability to buffer Ca 2+ , especially in the case of calcium elevation 50 . In the experiment by Singhal et al., slight membrane hyperpolarization was observed in the mitochondria located near the CNT nanopipette tip, suggesting that the mitochondria sequestered Ca 2+ from their surroundings and forced the generation of additional energy.
To decrease the fabrication difficulties encountered in the construction of CNT nanopipettes, Yoon et al. have developed a new self-entanglement method 51 . The self-entangled CNT tip is assembled through dielectrophoresis with an electrochemically sharpened tungsten probe and multi-walled CNTs dispersed in solution. The probe has been used for intracellular recordings from vertebrate neurons in vitro and in vivo. In electrical measurement, impedance is also an important property for studying cellular functions and activities. Yun et al. have synthesized CNTs into the shape of towers and have embedded them into microfluidic channels as electrodes 52 for impedance measurement of LNCaP human prostate cancer cells. To achieve parallel measurement, CNTs or carbon nanofibers (bundles of CNTs) have been built into vertically aligned sensing arrays for monitoring cell electrical activities or delivering materials (e.g., plasmid DNA molecules) into cells 53, 54 .
Intracellular optical measurement
For intracellular sensing using optical means, high-resolution optical detection is required and noise from neighboring sites must be minimized. Hence, researchers have developed near-field fluorescence imaging techniques to distinguish target signals from neighboring noise 55, 56 . In near-field imaging, optical probes are directly inserted into single cells, and optical waves are transmitted to an external measurement instrument. Due to the small size and high efficiency in transmitting light, nanowires are excellent structures for building optical probes 57, 58 . Using nanowires, Yan et al. have developed an optical intracellular endoscope that is able to accurately detect and record fluorescent signals (Figure 2d ) 35 . The nanowire endoscope has a SiO 2 nanowire waveguide fixed on the tapered tip of an optical fiber and is inserted into a cell by using a micromanipulator. The endoscope can be optically coupled to either an excitation laser to work as a local light source for subcellular imaging or a spectrometer to collect local optical signals. It is capable of sensing pH changes by coating the nanowire tip with a polymer embedded with pH-sensitive dyes. Additionally, the endoscope is also able to collect fluorescence signals from a single quantum dot cluster in subcellular regions. Signal collection is highly sensitive to the distance between the quantum dot cluster and the nanowire tip, which enables high-resolution fluorescence mapping and probing of the interior of non-transparent living biological objects.
To detect the optical signal inside a cell, another device has been developed using GaAs nanowires. The device consists of photonic crystal cavities and functions as an intracellular nanoprobe for both sensing and photonic control 59 . The semiconductor nanocavity probe emits photoluminescence from embedded quantum dots and sustains high-quality resonant photonic modes inside a cell. The probes are minimally invasive to cells. They have been inserted into cells for days without interfering with regular cell division. After surface modification with biotin, the nanophotonic probes are able to perform in vitro label-free protein sensing to detect streptavidin.
Modified AFM probes
Standard AFM cantilevers have a conical or a pyramidal tip. There are a number of techniques for modifying the standard AFM tip. As shown in Figure 3a , a standard AFM tip has been modified, via focused ion beam (FIB), into a straight, long nanoneedle with a high aspect ratio structure of 100-300 nm in diameter and 2-20 µm in length depending on the original height of the AFM tip [63] [64] [65] . Other techniques for modifying standard AFM tips involve the growth or assembly of nanowires or nanotubes on AFM tips (Figure 3b-d ) 62, [66] [67] [68] . These modified tips are still an integral part of a standard AFM cantilever and thus are capable of performing high-resolution measurements or manipulation. These AFM nanoneedles are minimally invasive to cells, and their surfaces can be readily functionalized for specific applications.
Modified AFM tips for intracellular characterization need to be micrometers long and mechanically robust to penetrate cell membranes and probe intracellular structures or organelles 19, 60, 64 . Beard et al. have used an AFM nanoneedle to measure the elastic moduli of the internal keratin structures of corneocytes (Figure 3b ) 60 . A tomography profile of cellular and intracellular stiffness was created by probing over a range of depths below the cell surface with an AFM nanoneedle. Differences between the softer external layer and the more rigid internal structure of corneocytes were revealed. The technique is capable of mapping structural properties of cells with high spatial resolutions and has potential use in the evaluation of clinical treatments or moisturization for skin care research.
Liu et al. have shown that the AFM nanoneedle is able to penetrate the cell membrane and directly measure the mechanical properties of cell nuclei in situ 19 . By characterizing the nuclear mechanics in living cells, they observed softened nuclei after isolation compared to intact cell nuclei. Furthermore, the stiffness of nuclei decreases in response to decreasing substrate stiffness, and cell nuclei becomes softer in cancer cells with higher metastatic potential. SUN-domain (Sad1p, UNC-84) and KASH-domain (Klarsicht, ANC-1, Syne Homology) proteins, which are often referred to as the linker of nucleoskeleton and cytoskeleton (LINC) complex, span the inner and outer nuclear membranes, linking the nucleoskeleton to the cytoskeleton 69 . Direct probing of nuclear membranes can help improve understanding of the local heterogeneity of nuclear mechanics and the properties of the LINC complex as well as its roles in gene expression regulation under both physiological and pathological conditions. One can also envision the functionalization of AFM nanoneedles for probing focal traction forces of nuclei to understand nuclear mechanotransduction 70 . CNT-modified AFM tips have been largely used for super-resolution AFM imaging because of the tips' high aspect ratio and mechanical robustness 62, 66 . CNT nanopipettes and endoscopes, as discussed in the "Intracellular electrical measurement" section., have enabled intracellular sensing, particularly electrical measurements. However, CNT-modified AFM tips have not been used for intracellular force measurements or mechanical characterization. Because of their superb mechanical properties, CNTs are able to penetrate cell membranes well, and such AFM tips can be powerful tools for the measurement of the mechanical properties of intracellular structures.
UNTETHERED INTRACELLULAR SENSING
Untethered devices perform intracellular measurements without connections to extracellular instruments. These untethered sensors have a few common advantages: (1) the cell membrane remains intact because most untethered sensors are produced internally by cellular machineries or are introduced into the cell via passive delivery mechanisms, such as endocytosis; (2) Nanoparticles as intracellular sensors Nanoparticle intracellular sensors include polymeric nanoparticles, silica nanoparticles, nanodiamonds, gold nanoparticles, and quantum dots 73, 74 . Intracellular nanoparticle sensing is mainly based on fluorescence spectroscopy. Nanoparticle sensors can be either intrinsically fluorescent or conjugated with sensitive fluorescent dyes for sensing.
Temperature sensing Nanoparticle luminescence thermometry was invented a few decades ago 75 . Recently, its application has been extended to the measurement of intracellular temperature. Typically, the shapes, peak positions, lifetimes and intensities of nanoparticle emission bands are affected by temperature changes. For instance, the lattice of CdSe quantum dots becomes dilated at higher temperatures, which changes the interactions between the lattice and the electrons and leads to a red-shift in the emission spectrum 76 . Temperature change can be converted linearly from this spectrum shift. The first experimental evidence for inhomogeneous local thermogenesis in living cells was achieved by introducing CdSe quantum dots into NIH/3T3 murine fibroblast cells 77 . After Ca 2+ shock (i.e., adding ionomycin calcium complex to elevate the intracellular concentration of Ca 2+ ), the maximum temperature difference inside a living cell was measured to be 8°C. Although the temperature distribution among the organelles was not reported due to technical limitations, mitochondria probably would show the highest temperature because Ca 2+ shock boosts heat production mainly by accelerating respiration 78 . The inhomogeneous temperature distribution inside a cell has been confirmed using polymeric nanoparticles consisting of a thermosensitive unit, a hydrophilic unit, and a fluorescent unit 18 . In this study, fluorescence lifetime was used as a temperaturedependent variable. Single photon counting showed that the measurement had a temperature resolution of 0.18~0.58°C with a spatial resolution of 200 nm. In COS7 cells, the temperature of the cell nucleus was found to be significantly higher than that of the cytoplasm (Figure 4a ). This behavior might result from the unique activities of the nucleus, such as DNA replication and transcription and RNA processing, or from its structural isolation by the nuclear membranes 79 . The average temperature difference was measured to be 0.96°C, and this temperature gap was dependent on the cell cycle. In the G1 phase, the nucleus was warmer by 0.70°C, whereas little difference was found in the S/G2 phases. The centrosome also showed a higher temperature of 0.75°C possibly associated with its functions, such as the organization of microtubules and mitosis 80 . Heat production was also observed in mitochondria (Figure 4b ). This heat release was accelerated when an uncoupling reagent stalled ATP synthesis, resulting in an average temperature increase of 1.02°C. A similar temperature distribution was also observed in HeLa cells.
Nanodiamonds are diamond nanocrystals with sizes of 4-5 nanometers. They have also been used to achieve ultra-high sensitivity in intracellular temperature measurements 71 . Nitrogenvacancy centers in nanodiamonds form spin-1 systems in the ground state and thermally induced lattice strains cause a change in the transition frequency. This mechanism can achieve an accuracy of 1.8 mK with a spatial resolution of 200 nm. By combining these nanodiamond thermometers with the laser heating of gold nanoparticles, subcellular temperature gradients have been monitored and controlled (Figure 4c ). Human embryonic fibroblast WS1 cells were found to be still alive despite an approximately 10°C increase at the location of a laser focus. However, because nanodiamonds were introduced into cells by nanowire-assisted delivery and only a small number were delivered, the temperature distributions inside living cells were not reported.
Chemical sensing
The combined use of sensitive fluorophores can significantly extend the application of nanoparticle sensors. Nanoparticles function as stable structural bases, whereas the sensing component is an analyte-sensitive dye molecule. [81] [82] [83] . Multiple fluorescent dye molecules are often integrated onto one particle to increase the brightness of a single probe.
A sensing dye and an analyte-insensitive reference dye can also be incorporated into the same particle to enable ratiometric measurement 84, 85 . In addition to acting as a reference for measurement, the reference dye molecules also provide information about particle location and concentration throughout the cell. Compared to conventional free dye molecules, these hybrid nanosensors are independent of analyte concentration and sensor concentration, less sensitive to external disturbance, and more robust to changes in signal caused by photobleaching and leaching. One example using dual-emission nanoparticles was the investigation of calcium release from mitochondria during the mitochondrial permeability transition (MPT, opening an MPT pore across the inner mitochondrial membrane and causing cell death) 86 . After exposure to m-dinitrobenzene (m-DNB, a toxicant causing MPT), an increased cytosolic calcium level has been observed in two cell lines. Human SY5Y neuroblastoma (neuronal) cells showed significantly higher calcium release rates than those of C6 glioma (glial) cells. This finding confirms that the sensitivity or resistance to m-DNB toxicity is associated with cell-specific propensity to undergo MPT. The work also provided evidence for why MPT is more likely to cause neurological diseases 87 . Core-shell nanoparticle sensors have also been built in which a reference dye-rich core is coated with a thin-layer, sensing-dyerich silica shell 88, 89 . The silica shell acts as a robust and biocompatible vehicle and protects the inner reference dyes from interactions with large molecules in the intracellular environment, such as organic quenchers and proteins, which may disturb the measurement. Core-shell sensors have been successfully used to measure pH in RBL mast cells, in which pH values varying from 6.5 in early endosomes to 5.0 in late endosomes/ lysosomes were measured (Figure 4d ) 72 . The acidification of the endocytic pathway mainly results from vacuolar-type H + -ATP hydrolases (V-ATPases) whose energy-driven active proton pumps cause proton accumulation inside endosomes. Different pumping rates or variations in the density of V-ATPases result in an increasingly acidic environment. Counter-ion and leak permeabilities also contribute to the increasing proton accumulation along the endocytic pathway 90 . Although nanoparticles possess advantages in sensitivity, photostability and brightness, there are several challenges of using them for intracellular sensing rather than extracellular applications. First, nanoparticles introduced into living cells should be nontoxic. Although most published work has not observed adverse effects on cell viability or function, several reports 91, 92 have suggested that certain types of quantum dots may induce organelle damage and cell death. Others 93, 94 have indicated that toxicity may be a function of concentration and only high concentrations or repeated use of nanoparticles could be problematic. Second, the intracellular environment is complex, which may cause nanoparticles to be trapped in endocytic pathways, increasing the difficulty in targeting specific organelles. Finally, intracellular sensing requires transmembrane delivery of nanoparticles, which often requires complicated surface functionalization 95 or manipulation techniques. More details of the intracellular delivery of nanoparticles are discussed in the "Delivery and Extraction" section.
Fluorescent proteins and molecules as intracellular sensors
Many cellular processes involve sensing and transducing elements that are distributed across plasma membranes, cytoskeletons, receptors on the nuclear envelope, and the proteins inside the nucleus. Various types of chemical and physical stimuli coordinately regulate and contribute to cellular events, including the dynamic response of cytoskeletal elements, motility and deformation of cellular organelles, localization, and translocation of signaling molecules as well as the ultimate gene expression 100 . However, population-based biochemical and immunostaining assays do not allow for direct study of the dynamics within living cells. Recent progress in bioengineered FPs, fluorescent molecules (FMs), and imaging technologies has greatly enhanced our ability to examine the physical and chemical parameters and biological activities in the intracellular domains of living cells noninvasively. FP/FM-based sensors require minimum effort to deliver into a cell and induce few perturbations to cell activities.
Force sensing
Genetically encoded and engineered to incorporate specific target proteins, FPs are produced by cellular machinery or introduced inside cells. FPs have been used to study how living cells sense and respond to internal or external mechanical loadings. The force-sensitive focal adhesion proteins vinculin and paxillin have been tagged with green fluorescent protein (GFP) to visualize the formation of focal complexes in response to local forces. Mechanical force is an essential signal for cells to regulate the strength of the adhesion force and mediate the focal complex development 101 . The application of the same vinculinfused FPs has shown that force-induced focal contact functions as a mechanosensor 102 . When combined with fluorescence resonance energy transfer (FRET), vinculin-fused FPs have been calibrated and used as "tension sensors" to quantify the force distribution inside a cell. The forces across the protein modulate the distance and orientation between the donor and acceptor fluorophores and, thus, alter the intensity of FRET (Figure 5a and b) 96 . By modifying the FRET-based vinculin tension sensor to link the cytoplasmic domains of the endothelial cell-cell junctional VEcadherin and PECAM-1, studies have shown that fluidic shear forces increase the tension across PECAM-1, which triggers active cytoskeletal remodeling that is likely associated with decreased tension on VE-cadherin 103 .
Mechanotransduction FP-based biosensors have also been used to monitor the mechanotransduction cascade within a cell. Cdc42 activity in single cells has been visualized by FRET of Cdc42-fused GFP and shown to be activated by the surrounding fluid shear stress in a polarized manner following the direction of flow, as a consequence of integrins binding to the extracellular matrix 104 . Flow-mediated shear stress applied to bovine aortic endothelial cells has been shown to cause a successive increase of NF-κB-regulated gene activation, as indicated by decreased FRET efficiency of the IκBαEYFP/ECFPrelA complex 105 . Local mechanical stimulation introduced by optical trapped fibronectin-coated beads adhering to the human umbilical vein endothelial cells (HUVECs) has been shown to activate the Src in a dynamic process via the cytoskeleton (Figure 5c ) 97 . The activated Src causes phosphorylation and conformational change of the FRET donor and acceptor. Therefore, the FRET level of this Src-specific FP-based biosensor could indicate the mechano-activation status of Src.
The shape and motion of the subcellular organelles can also provide insight into the global dynamics of live cellular processes. Fluorescent biosensors that are engineered to localize at specific organelles can serve as markers for those organelles, thus allowing the deformation and movement of the organelles to be observed while live cells are subject to different mechanical stimuli. GFP conjugated to nuclear Lamin A was used to label the nuclear envelope for the study of nuclear structure and property changes during micropipette aspiration of nuclei. The loss of emerin has been shown to be the likely cause of the less deformable GFPlabeled nuclear envelope under mechanical force, suggesting a link between the altered nuclear mechanics and the pathological conditions of Emery-Dreifuss muscular dystrophy patients 106 . Fib-GFP has been applied as a fiduciary marker for intranuclear rheology in HeLa, HUVEC, and osteosarcoma cells, allowing visualization of force-induced subnuclear movements. Under adequate mechanical stimulation, the nucleus plays a mechanosensing role and its repositioning or architectural change could lead to altered chromatin organization resulting in adaptive gene expression 107 .
FRET is commonly used in conjunction with FPs to study molecular dynamics in cell mechanotransduction. Additionally, several other imaging technologies are used, such as fluorescence lifetime imaging microscopy (FLIM), fluorescence recovery after photobleaching (FRAP), and fluorescence loss in photobleaching (FLIP). For example, the intracellular viscosity plays an important role in determining the rate of cytoplasmic and intercompartmental traffic of the signaling molecules and proteins. Combined with FLIP technology, fluorescent molecular rotors that exhibit different fluorescent emission lifetimes in different ambient viscosities have become a practical method for measuring cellular microviscosity in real time 98, 108, 109 . A dramatic increase in intracellular viscosity during photoinduced cell death has been demonstrated using a new type of ratiometric fluorescent molecular rotor that is capable of mapping the microviscosity within live cells (Figure 5d ) 98 . The mechanobiology applications of FPs combined with other imaging technologies are reviewed in detail elsewhere 100, 110 .
Chemical and temperature sensing GFP-based sensors can be applied to measure intracellular pH levels. There are many GFP mutants that have fluorescence and absorbance properties that are strongly pH dependent in living cells. This characteristic has been used for intracellular pH measurement within the cytoplasm and subcellular organelles (Figure 5e ) 99, 111 . Recently, a highly chloride-sensitive GFP variant has been found to be capable of measuring the chloride and pH level simultaneously inside various intracellular compartments 112 . Moreover, spatially resolved temperature measurements inside living cells have been achieved using either FPs or FMs. These biosensors exploited reversible and non-invasive temperaturedependent characteristics, such as the blinking relaxation time of the GFP 113 , the fluorescence polarization anisotropy of the GFP 114 and the hairpin structure and FRET signaling mechanism of the L-DNA molecular beacon 115 . These nanoscale thermometers are suitable for studies in which heat plays a significant role, for instance, cancer therapeutics.
Untethered MEMS sensors MEMS sensors, typically tethered to external instruments, have been widely applied for measuring the mechanical properties of whole cells [117] [118] [119] . Recently, efforts have been made to develop untethered MEMS devices to perform measurements inside single cells 120, 121 . These MEMS devices have been delivered into single HeLa cells to measure intracellular pressure changes (Figure 6) 116 . The untethered silicon devices are fabricated with two membranes separated by a vacuum gap and an optical reference area. Once internalized into a cell, the intracellular pressure change deflects the device membrane, which changes the gap size and alters the intensity of reflected light at the center of the membrane. The optical reference area is used for focusing purposes. Because the internalized silicon device represents only 0.2% of the total volume of a HeLa cell, the MEMS device was not found to affect cell viability. Compared with other external force/ pressure sensors or tethered probes, such as modified AFM tips, the untethered MEMS device can directly measure intracellular pressure while the cell membrane integrity remains unchanged. The experimental data measured by the untethered MEMS pressure sensors confirm that extracellular pressure is transmitted through the cytosol to the inner compartments, proving that the intracellular transmission of fluid pressure follows Pascal's law. The intracellular pressure measurement also shows that intracellular pressure remains practically unaltered inside the cytosol and vacuoles during an osmotic shock, suggesting that these cells are able to prevent the inward flow of water across their membranes. The work confirms that MEMS devices can be internalized into a single cell to perform intracellular measurements. Although only pressure measurements were made, further development of untethered MEMS devices can potentially enable the measurement of other intracellular physical and chemical quantities.
INTRACELLULAR MANIPULATION Delivery and extraction
Performing intracellular measurement often requires the delivery of foreign materials into cells. Microinjection is a widely used technique for actively delivering membrane-impermeable materials into a cell. It is a mechanical process involving the use of a sharp micropipette (0.5~5 µm) to penetrate the cell membrane for material delivery 122 . Although glass micropipettes are widely used for microinjection, concerns have been raised over cell damage, and glass tips are easily broken. Hence, several groups have reported the use of CNTs as microinjection tips. The robustness of CNT tips has been demonstrated via a buckling test 44 . Although the small tip size makes CNT nanopipettes less invasive to cells, delivering materials through them requires very high pressure without which only a small volume of liquid preloaded in the CNT tip can be delivered into the cell via passive diffusion 56 . Because of their capability of accessing the interior of living cells, AFM nanoneedles have also been adopted for intracellular delivery of materials via surface functionalization. A common strategy for functionalizing silicon nanoneedles is to form selfassembled monolayers of alkylsilanes through the silane coupling reaction. Several groups have demonstrated the immobilization of proteins and DNA on the surface of AFM nanoneedles and achieved successful intracellular delivery 65, [123] [124] [125] [126] . For instance, Nakamura et al. have demonstrated the direct delivery of GFPtagged DNA into the nuclei of individual cells using an AFM nanoneedle and achieved a high gene expression rate of 70% (vs.
10% for microinjection on MSCs) 123 . To reduce nonspecific adsorption of cargo onto nanoneedles, Bertozzi et al. and Yu et al. have developed a method of controlled release of cargo 127, 128 , which utilizes the reductive cleavage of the disulfide bond. Using this bonding-releasing strategy, AFM CNT tips are preloaded with streptavidin-coated quantum dots via a linker molecule 127 . The linker molecule contains a pyrene moiety bonding to CNT surfaces, a biotin moiety that can bond to the cargo (i.e., streptavidin QDots), and a disulfide bond to connect the two function groups. The disulfide bond is stable in the relatively oxidizing extracellular environment, while the bond is cleaved once exposed to the reducing intracellular environment in which oxidized elements tend to be reduced. Thus, the foreign cargo is released into the cell.
AFM-tip-based intracellular delivery has low throughput, and cargo loaded on the surface of the AFM tip is limited. Therefore, arrays of vertical nanoprobes, particularly silicon nanowires, have been developed to deliver a variety of materials into many cell types 39 . Foreign materials, such as plasmid DNA, siRNA, IgGs, QDots, rhodamine-labeled peptides, and recombinant FPs, have been pre-coated on the silicon nanowires. Both cell lines and primary cells have been cultured on the sharp vertical silicon nanowires that are able to penetrate into cells 129, 130 . Similarly to nanowire MEAs discussed in the "Intracellular electrical measurement" section., this vertical delivery platform is limited to targeting specific cells. Although nanowire-induced membrane damage appears minimal, their effects on cell functions remain unknown. Studies have shown that long-term culturing on vertical silicon nanowire platforms could negatively affect cell proliferation 131 , adhesion, and migration 132 . Other physical approaches for intracellular delivery include electroporation 133, 134 , which uses electrostatic forces to disrupt the cell membrane; sonoporation 135, 136 , which generates acoustic pressure to trigger cavitation bubbles to induce membrane permeability; and optoporation 137, 138 , which utilizes nonlinear optical absorption caused by a laser pulse to open cell membranes. Since electroporation was developed for gene transfer in early 1980s 139 , it has been widely used to introduce foreign materials into cells. In recent years, there have been an increasing number of studies utilizing microfluidic devices for cell electroporation 140 . The evolution and recent advances in electroporation techniques have been reviewed extensively elsewhere 141, 142 . To perform intracellular delivery of large cargos, such as bacteria, enzymes, antibodies and nanoparticles, Wu et al. have developed a biophotonic laser-assisted surgery tool (BLAST) system that can deliver large elements into 100,000 cells in one minute 143 . The BLAST system generates an array of microcavitation bubbles that explode in response to laser pulsing, making pores in adjacent cell membranes. Foreign materials are driven through the bubble-induced pores. The platform has been used to investigate the intracellular pathogenesis of Francisella novicida. A new pathogenic role of the iglC gene has been found with the BLAST platform 144 . In addition to physical approaches, foreign materials can also enter a cell via endocytosis, in which cells intake foreign materials by engulfing them with membrane-bounded vesicles. Endocytosis has two major pathways, phagocytosis and pinocytosis, the latter of which can be further classified into macropinocytosis, clathrin-mediated and caveolae-mediated endocytosis 145 . Phagocytosis often occurs in macrophages to internalize large particles through phagosomes or food vacuoles. Pinocytosis exists in almost all cell types to uptake relatively small particles (<150 nm). Objects taken up through clathrin-mediated endocytosis are approximately 100 nm, and objects taken up through caveolae-mediated endocytosis are 60-80 nm 146 . Endocytosis is a natural process that passively internalizes foreign materials. The material uptake rate, or delivery rate, mostly depends on the material size 147 , shape 148 , and physical and chemical properties of the surface 149 . Nanoparticles of 20-50 nm are taken up more easily by cells than the smaller or larger particles [150] [151] [152] . The optimal size of internalized nanoparticles also falls in the size range of typical viruses, suggesting broad implications for biomaterial design principles that evolved from natural selection 147 . Experiments have also demonstrated that shape is another important factor for determining the uptake rate 153, 154 . Nanoparticles with spherical shapes have higher uptake rates in HeLa cells than those with cylindrical, cubic, or rod shapes 152, 155 . Nanorods with higher aspect ratios have a lower uptake rate 155 . Because the cell membrane typically possesses negative charges, cationic nanoparticles (i.e., positively charged nanoparticles), compared with anionic or neural particles, are more likely to bind to the cell membrane, resulting in a higher uptake/ delivery rate 156, 157 . To achieve a high uptake rates, untethered nanoparticles can also be coupled with cell-penetrating peptides, such as oligonucleotides 158 , interleukin-13 peptide 159 , pentapeptide 160 , and amphipathic palmitoylated peptide 161 . Endocytosis for delivering untethered sensors into cells is mostly used for cytosolic measurements. However, when attempting to deliver sensors that target specific organelles, such as lysosomes 162 , the endoplasmic reticulum 163 , nuclei 164 , and mitochondria 165 , untethered cargos are often trapped in endosomes or liposomes during the endocytosis process 160, 166 . Additionally, delivering large amounts of foreign materials via endocytosis can have significant negative effects on regular transmembrane traffic mechanisms [167] [168] [169] . Intracellular biopsy refers to the operation of extracting intracellular structures or organelles from within a cell. Early intracellular biopsy included the enucleation of large reproductive cells such as oocytes by using glass micropipettes to remove oocyte nucleus, which is a key step for cloning of mammalian animals 172, 173 . It has recently been demonstrated that smaller organelles, such as mitochondria, can also be extracted out of a cell (Figure 7a ) 170 . A pulled glass nanopipette, together with the electrowetting technique, was used to extract small subpopulations of mitochondria from living cells with minimal disruption of the cellular milieu. After extraction, the mutant mitochondrial genomes were then sequenced. The technology enables the quantitative assessment of mitochondrial mutation rates in single cells, which is an important step in understanding why and how cellular degenerative mutations gradually build up over time to cause cellular dysfunction and death.
Under scanning electron microscopy (SEM) imaging, subnuclear biopsy has been reported in which a single chromatin was extracted from within a cell nucleus (Figure 7b ) 171 . In this work, the nanodissection of DNA from thin sections of cells was performed via high precision nanomanipulation inside an SEM. Correlative imaging using fluorescence and SEM images was used to identify targets for a nanospatula to extract. The ability to dissect and identify gene loci occupying a shared site in a single subnuclear structure was demonstrated. The technique was applied to the nanodissection of DNA in the vicinity of a single promyelocytic leukemia nuclear body (PML NB), and revealed novel loci from several chromosomes that were confirmed to associate at PML NBs with statistical significance in a cell population.
Translocation
Moving an object inside a cell (i.e., translocation) must cause minimal disturbance to cell functions and activities. The intracellular objects to translocate include endogenous organelles and foreign untethered materials, which are manipulated remotely via techniques such as optical trapping and magnetic tweezers. Optical trapping uses a focused laser beam to produce an attractive or repulsive force depending on the refractive index mismatch to physically hold and move micro/nano-objects. Optical tweezers can be used to move either foreign nanoparticles or directly manipulate intracellular organelles 174 . In early 1989, it was shown that infrared laser traps can be used to apply controlled forces to study the mechanical properties of the cytoplasm of plant cells 175 . Optical tweezers have also been used to perform internal cell surgery by changing the locations of relatively large organelles, such as chloroplasts and nuclei. In direct manipulation of organelles or subcellular structures, optical tweezers do not require a foreign end-effector that is physically present in the cell, and damage to the cell can be minimal 176 . This technique is limited in force generation (pN levels), and increasing laser power for larger force generation has the risk of laserinduced cell damage. Improvements are under development for minimizing photodamage by using specially shaped optical tweezers 177 . Magnetic nanoparticles, after introduced into cells, can be moved by magnetic forces generated by controlled magnetic fields. Magnetic tweezers have been used on cells for characterizing cellular elasticity and cytoplasmic viscosity 178, 179 . Because cells do not contain magnetic structures, the force is specifically applied to the internalized magnetic particles. Magnetic tweezers have also been used for manipulating intracellular structures such as chromatin 180 and phagosomes 181 . Compared with optical tweezers, the forces generated by magnetic fields are larger, ranging from a few piconewtons 182 to several nanonewtons 183 . Although most magnetic tweezers reported in the literature apply forces in one direction only, there are a growing number of systems that allow 2D and 3D manipulation 184, 185 . Other remote manipulation systems, such as acoustic tweezers, have also started to show potential for intracellular manipulation. Acoustic systems have recently been developed for controlled intracellular drug delivery 186 . The system uses acoustic droplet vaporization to release perfluoropentane droplets in single droplet-loaded macrophages by insonation with single threecycle ultrasound pulses. Another study has reported an ultrasound tweezing cytometry utilizing ultrasound pulses to actuate functionalized lipid microbubbles that are covalently attached to single cells, to exert mechanical forces in the pN-nN range 187 . The ultrasonic excitation of microbubbles could elicit a rapid and sustained reactive intracellular cytoskeleton contractile force increase in different adherent mechanosensitive cells.
SUMMARY AND OUTLOOK
Emerging microsystems and nanoengineering technologies have enabled recent advancements in the direct measurement of intracellular properties, although the development of micro-and nanoengineered tools for intracellular manipulation and measurement is still preliminary. five characteristic phases of a cardiac intracellular potential, including (a) resting state, (b) rapid depolarization, (c) plateau, (d) rapid repolarization, and (e) hyperpolarization. Additionally, a sharp transient peak and a notch that is possibly associated with inward sodium and outward potassium currents has also been observed 28 . Intracellular electrical measurement by a CNT endoscope has revealed as light membrane hyperpolarization in the mitochondria following the calcium elevation, which suggests that mitochondria are able to sequester Ca 2+ from the surroundings forcing them to intensively generate additional energy 34 . Intracellular electrical measurement by carbon nanopipettes has confirmed that an increase in the extracellular K + concentration can produce a significant increase in the membrane potentials (i.e., a higher depolarization) 45 . Intracellular mechanical characterization by modified AFM tips has revealed nuclear softening in the highly metastatic bladder cancer cell line T24 when compared with its less metastatic counterpart RT4 cell line 19 . Intracellular temperature measurements by quantum dots has revealed local heterogeneous temperature progression 77 . Measurements by quantum dots have also shown that the shape of HeLa cells remains essentially unchanged when the intracellular temperature is raised to 50°C, whereas measurement by NaYF 4 :Er 3+ , Yb 3+ nanoparticles has revealed a small fragment of the HeLa cell membrane with an internal temperature of 45°C 188 . Intracellular temperature measurements by nanodiamonds have shown that cells remain alive when the local temperature increases by 10°C 71 . Intracellular pH measurement by core-shell nanoparticles has shown that the intracellular pH varies from 6.5 in early endosomes to 5.0 in late endosomes/lysosomes 72 . Intracellular pH measurement by a pH-sensitive mutant GFP has shown that the pH level varies in different subcellular organelles, such as endosomes and the trans-Golgi network 99 . Intracellular pressure measurement by MEMS devices has demonstrated that intracellular pressure remains unaltered inside the cytosol and vacuoles during osmotic shock, supporting the fact that the cells prevent the inward flow of water across their membranes 116 . Intracellular nuclear biopsy has proven that genetic materials have preferred locations and are well organized inside a cell nucleus 171 . Existing intracellular work started with manipulating and measuring large organelles, such as cell nuclei, and then moved onto targeting smaller organelles, such as mitochondria. Many intracellular properties (e.g., pH and temperature) in existing studies have been measured in the cytoplasm. Future micro-and nanoengineered tools will become even finer in size and more powerful in function to monitor real-time changes of suborganelle signals, such as pH and temperature changes during ATP synthesis in mitochondria and calcium storage variations in the nuclear membrane, reticulum, and Golgi apparatus 189, 190 . New materials, such as graphene, may possibly help in the development of more accurate and sensitive measurement tools 191 . Graphene FETs have been developed to monitor action potentials of cardiomyocytes extracellularly 192, 193 . Graphenebased sensors might be developed and delivered into single cells for intracellular electrical measurements. In addition to new materials, emerging imaging techniques might also significantly accelerate the advancement of intracellular measurement and manipulation capabilities. Studies using near-field imaging enabled by optical nanowires have demonstrated the ability to accurately detect fluorescent signals with higher resolutions 35 . These new imaging capabilities might enhance the observation and measurement of subcellular and suborganelle signal changes.
Presently, intracellular measurement and manipulation is manually conducted. Automation technologies can be developed to help minimize human errors and skill inconsistency 194 . Automation would allow researchers to more easily position tethered devices or more accurately move untethered sensors inside a cell. In manual microinjection, for example, the number of injected cells is limited to several or tens of cells 195 . To increase throughput, robotic systems have shown the injection of over 1,000 cells (e.g., HL-1 cells) within one hour 196 . The significantly higher throughput enabled quantitative characterization of gap junction function on a large cell population, which might enable the large-scale screening of drugs for rescuing abnormal cell-cell communications in cardiomyocytes. To improve the performance of magnetic or optical tweezers, automated functions are under development to increase the spatial resolution and accuracy for the manipulation of single cells 197, 198 . These technologies have direct relevance and might be expanded to enhance intracellular manipulation and measurement.
Compared to measurements in single cells, the direct measurement and manipulation of subcellular structures and organelles remains largely underexplored. In the pursuit of better understanding of intracellular properties, the development of new microsystems and nanoengineered techniques would transform cell biology by enabling intracellular measurement and manipulation. These new tools would enable researchers to directly interrogate intracellular structures, explore the environment inside a cell, and observe and measure intracellular processes and activities with high spatial and temporal resolutions. The exciting era of intracellular measurement and manipulation has just begun.
